We created a novel paradigm to investigate phonological processing in sign and asked how age of acquisition (AoA) may affect it. Participants indicated which of two signs was more phonologically similar to a target, and estimated the strength of the resemblance with a mouse click along a continuous scale. We manipulated AoA by testing deaf native and non-native signers, and hearing L2 signers and sign-naïve participants. Consistent with previous research, judgments by the native and L2 signers reflected similarity based on shared phonological features between signs. By contrast, judgments by the non-native signers and sign-naïve participants were influenced by other (potentially visual or somatosensory) properties of signs that native and L2 signers ignored. These results suggest that early exposure to language helps a learner discern which aspects of a linguistic signal are most likely to matter for language learning, even if that language belongs to a different modality.
Introduction
Like spoken language, sign language has sublexical structure (Battison 1978; Frishberg 1975; Liddell & Johnson 1989; Stokoe 1960 Stokoe , 1978 . This linguistic patterning below the level of the word is considered to be phonological in nature (Brentari 1998; Perlmutter 1992; Sandler 1989; Sandler & Lillo-Martin 2006) . Like spoken phonology, sign phonology plays an organizing role in language representation and processing, such as in lexical access, memory, and production (Klima & Bellugi 1979; Newkirk, Klima, Pederson & Bellugi 1980; Thompson, Emmorey & Gollan 2005; Thompson, Vinson & Vigliocco 2010; Wilson & Emmorey 1997 , 1998 . Much of what we know about phonological processing comes from studies of native learners, individuals whose language experience began from birth, and this is true for both spoken and sign language. Non-native learning, language experience begun at ages past birth, is known to have marked effects on phonological processing in spoken language. Recent research has found that non-native learning affects phonological processing in sign language as well. Unique to sign language are late L1 learners, whose early language experience is importantly different from late L2 learners. Infants who hear normally are immersed in spoken language from birth so that their subsequent acquisition of languages at older ages is L2 acquisition. Infants born deaf can be so isolated from spoken language such that their later acquisition of sign language is late L1 acquisition (Mayberry 2010) . Research has found that age of acquisition, AoA, effects are more marked for L1 than L2 learning on language comprehension and grammatical processing (Mayberry 1993; Mayberry, Lock & Kazmi 2002) . The question we ask here is whether the same is true for phonological processing in sign.
Sign language research can help adjudicate two competing theoretical explanations of AoA effects on phonological representations. Maturation-based accounts (Lenneberg 1962; Penfield & Roberts 1959) argue that infants are uniquely skilled at performing the perceptual kinds of analyses that lead to native-like phonological acquisition (Werker 1989) . By contrast, experience-based accounts (McCandliss, Fiez, Protopapas, Conway & McClelland 2002; Munakata & Pfaffly 2004; Seidenberg & Zevin 2006) propose that the phonology-to-meaning mappings acquired in early life become entrenched through frequent use so that learning the alternate phonological mappings of an L2 at later ages is difficult. Both hypotheses predict that L2 learners of sign language will show AoA effects, but they make different predictions for AoA effects on L1 acquisition. Maturational accounts (Mayberry 2007; Mayberry & Eichen 1991; Newport 1990 ) predict that AoA effects will be greater for L1 compared to L2 acquisition because infant language experience organizes perceptual space into linguistic space, or categories, necessary for subsequent language acquisition. By contrast, experience-based accounts , Seidenberg & Zevin 2006 predict that AoA effects will be reduced for the L1 relative to the L2, because there is no previously acquired phonological system to interfere with later L1 learning. In the present study, we test these predictions by investigating AoA effects on sign phonology using a similarity judgment task.
What little we know about AoA effects on phonological processing in sign language comes largely from studies of categorical perception. An important characteristic of phonological perception in speech is that native speakers cannot discriminate small increments along a psychophysical continuum underlying a phonetic feature and instead perceive tokens from this continuum dichotomously, rather than gradiently. Categorical perception has two classic signatures: (1) a sharp boundary across which people reliably classify ambiguous stimuli as belonging to different categories, and (2) markedly enhanced discrimination of two tokens drawn from opposite sides of that boundary compared to near-chance discrimination of two tokens drawn from the same side of the boundary.
Five studies of categorical perception in American Sign Language, ASL, have found that signers overdiscriminate; that is, they can reliably perceive differences between two tokens drawn from the same side of the category boundary (Baker, Idsardi, Golinkoff & Petitto 2005; Best, Mathur, Miranda & Lillo-Martin 2010; Emmorey, McCullough & Brentari 2003; Morford, Grieve-Smith, MacFarlane, Staley & Waters 2008; Newport 1982) . But the degree to which they overdiscriminate depends upon their early language experience. The earliest study (Newport 1982 ) observed overdiscrimination, but tested only 4 participants and did not report language background. More recently, Emmorey et al. (2003) tested deaf native signers and hearing sign-naïve participants; both groups were found to overdiscriminate, but the groups were not directly compared to one another. Baker et al. (2005) also tested deaf native signers and hearing sign-naïve participants. The naïve participants made more within-category discrimination relative to the native signers. In a fourth study, Morford et al. (2008) tested deaf native and non-native signers, and hearing L2 learners. Both the non-native and L2 signers showed greater within-category discrimination compared to the native signers. Finally, Best et al. (2010) tested deaf native and non-native signers, along with hearing L2 and naïve participants. They also found non-native signers to make more within-category discrimination compared to the native signers, but they did not directly compare the discrimination of the native signers with that of either the hearing L2 or naïve participants. The finding across these studies suggest that native signers, like native speakers, are less sensitive to within-category variation; non-native signers who learned ASL at later ages and naïve participants who have no knowledge of sign language tend to make more within category discriminations. The broad outline of these research trends suggests that early AoA is linked to the learning of phonetic categories in sign phonology in a fashion analogous to phonetic learning in early spoken language acquisition.
AoA effects on sign phonology extend to sign recognition. On a gated sign recognition task, deaf non-native signers required more phonetic information to recognize signs compared to native signers (Morford & Carlson 2011) . Consistent with the hypothesis that early sign learning leads to phonetic categories, the nonnatives' responses prior to accurate sign recognition were less phonologically organized in comparison to those of both native and hearing L2 signers. The finding that the hearing L2 signers patterned with the deaf native signers, rather than with the non-native signers despite learning to sign at older ages, provides support for the maturational hypothesis (Morford & Carlson 2011 ; see also Emmorey & Corina 1990 ). Accuracy and reaction time differences in favor of native signers over non-native signers have also been reported for sign tasks such as primed lexical decision with signs and pseudo-signs, and sign detection/spotting, in British and Spanish Sign Language (Dye & Shih 2006; Carreiras, Gutierrez-Sigut, Baquero & Corina 2008; Orfanidou, Adam, McQueen & Morgan 2009) .
AoA effects on sign phonology have also been investigated with similarity judgment tasks. asked native signers, non-native signers, and sign-naïve participants to indicate which of four pseudo-sign options was most phonologically similar to a given target pseudo-sign. Native and non-native signers showed subtle differences in both of their experiments. When the alternative options were comprised of minimal pairs, the non-native signers patterned with sign-naïve participants, rather than with native signers. However, when the alternative options were less strongly related to the target, each participant group behaved differently. Thus, the pattern is not entirely clear and calls for additional investigation.
To gain further insights into AoA effects on sign phonological processing, we conducted two experiments using a phonological similarity judgment task. We developed a novel experimental paradigm using a continuous measure of phonological similarity, which may be more sensitive than the forced-choice measures used in the past. To manipulate AoA, we tested signers with a range of ASL experience allowing us to determine whether the maturational or experience-based account best predicts AoA effects on the perception of sign phonology. Our hypothesis is that early language experience may help a learner decipher which categories are likely to be (un)important for language learning, even if the language belongs to a different modality. If so, we should expect deaf native and hearing L2 signers to pattern together because they both acquired language in infancy, albeit different languages in different modalities. We should also expect deaf non-native signers to pattern differently due to their more restricted language experience in infancy prior to their ASL acquisition at older ages. Therefore, Experiment 1 compares deaf native, deaf nonnative, and hearing L2 signers on a novel phonological similarity judgment task. Experiment 2 tests sign-naïve participants on a modified version of the same task.
Experiment 1

Method
Participants
We tested 36 participants who fell into one of the following three categories. Deaf native signers (n = 10) were born profoundly deaf and exposed to sign language from birth. One native participant had a deaf older brother and parents who signed; the remainder had at least one deaf signing parent. Deaf non-native signers (n = 10) were prelingually deaf but exposed to sign language after infancy and had varied AoA. In order to focus on first-language acquisition effects, individuals who reported being skilled communicators in speech/lipreading or writing prior to ASL acquisition were not recruited. Thus, the non-native participants represent the population of signers who acquire ASL as a late first language. Hearing L2 signers (n = 16) were included if they had been using ASL for at least 5 years outside the classroom. They were strongly dominant in English, but fairly proficient in ASL. Participant characteristics are given in Table 1 . Participants were paid for their participation. a Education level was operationalized as follows: 1 = high school or GED; 2 = entered college but no degree; 3 = Associate's degree; 4 = Bachelor's degree; 5 = entered grad school but no degree; 6 = Masters degree; 7 = doctorate or terminal degree.
Materials
The materials for this study were part of a larger study of syntactic priming in ASL (Hall, Ferreira & Mayberry 2010) , which required all items to be pictureable objects. Due to this constraint, our goal was to find pairs of phonologically related signs without attempting to balance which sign parameters were shared. There were two sets of items composed of a set of 24 target pictures, and 48 ASL signs. Each target picture was paired with two signs: one that was related to the picture, and one that was not. The difference between the lists was that in the "phonological" set the target and the related sign were phonological minimal pairs and semantically unrelated (e.g., target picture -bird; related sign -newspaper; unrelated sign -rock). In the "semantic" set the target and the related sign were members of the same semantic category, but we intended both alternative signs to be phonologically unrelated (e.g., target picture -flute; related sign -violin; unrelated sign -hot-dog). The phonologically unrelated pairs shared no more than 1 phonological feature (handshape, location, or movement). However, these may not be the only features to which all signers are sensitive; in fact, the need to empirically verify these pairings is what motivated the present study.
Although the stimulus sets contrasted in phonological and semantic relations, we only asked participants to make phonological judgments. We expected to find rating differences between the related and unrelated items in the phonological set, but not in the semantic set. English translations of the materials are provided in Appendix A.
Design & procedure
Participants rated phonological similarity as part of a larger study that lasted 90 minutes. Prior to this task, they performed a block of ASL picture naming, an ASL sign comprehension task, and a syntactic priming task that involved perceiving and producing simple noun phrases and shape descriptions. Data from those conditions are reported elsewhere (Hall, Ferreira & Mayberry 2010 ).
The phonological similarity task was introduced by a video in which a deaf native signer explained the task in ASL. The signer explained that the participants' task was first to look at a target picture, think of its corresponding sign, and then press the space bar. Upon the key press, two videos appeared on the screen in sequence, each one showing a different ASL sign. Neither video was the actual sign for the picture. Because naïve participants, like naïve speakers, would not understand what we meant by "phonological similarity", the video explained that the participants' task was to determine if either of the signs "looked like" or "felt like" the sign for the target picture. Although the task is ostensibly visual only, we included the "felt like" instruction because recent evidence suggests that somatosensory information may impact sign processing as much as or more than visual information for some tasks (Emmorey, Bosworth & Kraljic 2009; Emmorey, Korpics & Petronio 2009) . To clarify what these instructions meant, the signer then provided an example where the target picture was milk, and the two signs were orange (a minimal pair differing in location) and water (a semantically related sign). The signer then demonstrated how the signs for milk and orange "looked like" or "felt like" each other. The participants were instructed to ignore relationships based on meaning, such as milk and water and how to make their response, which was to use a mouse to click inside a rating box that was on the laptop screen beneath the two lexical sign choices (see Figure 1 ). At the center of the box was an anchor point of "0". The numbers increased from 1 to 3 in both directions. The participants were told that if they thought that the sign on the right looked/felt more like the sign for the target picture than the one on the left, they should click somewhere to the right of 0 (and vice versa). The stronger the perceived similarity, the farther the participant should click in that direction. If the participant thought that both signs were equally related or equally unrelated to the sign for the target picture, they were instructed to click on or near 0. Participants were also told that the numbers 0 to 3 were only present as guides, and that they should feel free to click in between the numbers anywhere within the rating box.
After explaining how the rating box worked, the participants saw two more example trials: one resembling a trial from the phonological set and one resembling a trial from the semantic set; the example items did not appear in the experimental materials. If participants clicked in the expected range (in the direction of the related item for the phonological trial, and near 0 for the semantic trial), they were given positive feedback. If not, they were given differential feedback as a function of the kind of error they made. Finally, participants were told to ask the experimenter (the first author, who is a fluent signer) if they had any questions. When the participant understood the task to the experimenter's satisfaction, the 48 test trials began. Items were presented in a fixed random order, which was displayed to half the participants in reverse order. Half of the related items in each set were presented on the left and half on the right.
Results
The first question concerned how native-like the non-native and L2 signers would be. Therefore, we give the native signers' ratings first and then turn to those of the non-native and L2 signers. We used two measures to compare the groups, itemby-item correlations, and a continuous measure of mean relatedness. 1 For both measures, mouse clicks in the direction of the related sign (be it phonological or 1. This paradigm also allows analysis of categorical choices; in the present data, they yielded the same results as continuous measures and will not be discussed further. . Schematic illustration of the paradigm. The trial pictured is from the "Phonological" set; participants click inside the rating box in the direction of the sign they rate as being more phonologically similar to the target sign. Here, participants are expected to click toward "newspaper". (English labels are for illustrative purposes only.) semantic) were operationalized as the positive direction. The direction magnitude was measured in raw pixel counts to which we applied a linear transformation creating a scale from -100 to 100, where 100 represents clicking as far as possible in the direction of the related picture, and -100 represents clicking as far as possible in the direction of the unrelated picture. A value of 0 represents clicking near the 0 point, that is, a judgment that the two signs were equally related or equally unrelated. 2 Due to computer error, data from one native signer were not recorded. In addition, data from one non-native signer revealed a misunderstanding of the task, such that the phonological set received low ratings and the semantic set received high ratings. This participant's data were removed prior to the analyses, leaving data from 9 native, 9 non-native, and 16 L2 participants.
Deaf native signers
Before comparing the groups, a few comments about the native signers' ratings are in order. As shown by the variability along the y-axis of Figure 2 , phonological similarity is not an all-or-none phenomenon. Although the phonological items (red dots) would traditionally be considered minimal pairs, the native signers' responses ranged from near the top of the scale (sock -star, native rating = 96.98) to the moderate/low end (umbrella -window, native rating = 25.02). Likewise, although we did not intend there to be any phonological relatedness among the semantic items (blue dots), native signers nevertheless perceived some relatedness in some items, to the point that some semantic items (coffee -tea, native rating = 51.58; cake -pie, native rating = 30.87) received higher ratings than some phonological items. Nevertheless, the overwhelming tendency for the native signers was to rank phonological items more highly similar than the semantic items, suggesting that this novel paradigm is viable. The finding that native signers gave variable ratings suggests that they are not using top-down strategies or explicit knowledge about phonological features in ASL. If so, we would expect the results to look more categorical than the observed gradient data.
Item-by-item correlations
We computed the mean similarity rating for each item across each group. Here "item" refers to a given target picture and its two response options. The mean rating for each item by native signers is plotted on the y-axis of Figure 2 , with the mean rating for the same item by non-native signers plotted on the x-axis of Figure 2a ; the data from L2 signers are displayed in Figure 2b . Recall that positive values 2. Although it is not possible to distinguish "0" responses indicating "both signs are related to the target, and equally so" from those indicating "neither sign is at all related to the target", we are confident that given our design, "0" responses indicate that both signs are unrelated to the target.
indicate clicks in the direction of the related sign, whereas negative values indicate clicks in the direction of the unrelated sign, and the farther from 0, the stronger the perceived relationship. As is evident from the figures, both non-native and L2 signers generally approximate the native signers' ratings. Perfect native-like performance would be evidenced if each item fell exactly on the diagonal described by the line y = x, with r 2 = 1. Computing deviation from the diagonal is therefore a measure of deviation from native-like performance. We calculated the residuals for each item for each group (the square of the deviation between the native signers' mean rating and the other groups' mean rating) and then compared the size of these residuals with a paired t-test over items. This revealed that the L2 signers were significantly more native-like than the non-native signers [t(47) = 2.42, p < .02; see Figure 3 , left two bars].
Mean relatedness
Next we asked whether non-native and L2 signers differed from native signers in the overall amount of similarity they observed in each stimulus set. These means are displayed in Figure 4 . L2 signers did not significantly differ from native signers. By contrast, non-native signers reported more phonological similarity within the semantic set than did the natives. These results are obtained in two 2 x 3 mixed ANOVAs over subjects (F 1 ) and items (F 2 ), with Stimulus Set (Phonological or Semantic) as a within-subjects and between-items factor, and Group (native, nonnative, or L2) as a between-subjects and within-items factor. this interaction, we found that the L2 signers' ratings did not differ from those of the native signers for either the phonological set [F 1 (1,31) = .54, p = .47; F 2 (1,92) = 2.71, p = .10) or the semantic set [F 1 (1,31) = .10, p = .75; F 2 (1,92) = .50, p = .48)]. There was a trend for non-native signers to give lower ratings than the native signers for the phonological items, but only in the items analysis [F 1 (1, 31) = .82, p = .37; F 2 (1,92) = 5.24, p < .05]. Compared to the native signers, the non-native signers gave significantly higher phonological similarity ratings to items in the semantic set [F 1 (1, 31) = 6.79, p < .02; F 2 (1,92) = 43.23, p < .001]. As expected, all groups did give significantly higher ratings to items in the phonological set than in the semantic set (all F 1 & F 2 values > 56.0, all p values < .001).
Discussion
Examining the item-by-item correlations among the different groups revealed that, on the whole, both the deaf non-native and hearing L2 signers gave nativelike ratings. However, between the two groups, the non-native signers were consistently less native-like than the L2 signers. When we analyzed participants' ratings as a function of stimulus set, a clear pattern emerged: non-native signers gave higher phonological similarity ratings than did the native signers to the sign option semantically related to the target picture. Before interpreting these results, it is important to consider alternative explanations for this pattern.
One possibility is that differences in the picture names could be driving the results. There is dialectal variability in sign, as in speech, and if the non-native 0 L2
Mean (residuals)
Non-native Naïve signers simply used different signs from the native and L2 signers, we would expect their ratings to be different. (Recall that the task required participants to view a target picture and to think of their sign for that picture.) Fortunately, the first task that participants performed during the testing session was naming (in ASL) all 96 pictures that were in the study. We were therefore able to repeat the above analyses excluding trials where the participant initially produced anything other than the target sign. Those analyses yielded the same pattern of results; if anything, the difference between non-native and the native and L2 signers was magnified. Therefore, the above results may be conservative. We can thus be confident that the differences among the groups are not driven by dialectal variation. Another plausible alternative is simply that, although the task was to consider only phonology, the non-native signers were nonetheless influenced by the presence of semantic relationships. If so, this might constitute evidence of early learning effects on inhibitory control, or late learning tendencies toward holistic sign processing perhaps akin to iconic gesture processing. It would not, however, provide unambiguous evidence of AoA effects on phonology itself. To address this question, we conducted experiment 2.
Experiment 2
In Experiment 1, deaf non-native signers gave unexpectedly high phonological similarity ratings to pairs of items that were chosen to be semantically and not phonologically related, whereas deaf native and hearing L2 signers did not. If this pattern is somehow driven by the semantic relationships of these items, then the effect should disappear in individuals who have no knowledge of sign language semantics. Alternatively, non-native signers may be attending to some visual property of the stimuli that native and L2 signers ignore. Indeed if some visual and/or somatosensory properties of the stimuli are salient, then it is possible that hearing naïve participants (who have perceptual access to sign language without knowledge of its phonological structure or semantics) might also be sensitive to it. Evidence for this explanation would come from hearing naïve participants showing the same pattern of results as the deaf non-native signers in Experiment 1, especially if they show the effect on the same items. Experiment 2 was a modified version of Experiment 1 with hearing sign-naïve participants.
Method
Participants
We tested 20 hearing participants who reported being monolingual native English speakers with no knowledge of ASL. Participants were undergraduate students at UC San Diego and received course credit for their participation.
Materials
Because the participants could not generate an ASL sign corresponding to the target picture, we replaced the target picture with its corresponding ASL sign. This was the only difference from Experiment one and allowed the task to be performed by the naïve participants.
Design & procedure
The procedure was identical to Experiment 1, except that the ASL instruction video was replaced by instructions in written English.
Results
As in Experiment 1, we performed both the item-by-item correlations as well as the overall mean relatedness judgments for each stimulus set. 
Item-by-item correlations
The x-axis of Figure 2c plots the mean rating given by the naïve participants for each item. Although perceptual information affords some general approximation of phonological relatedness in sign language, it is clear that the hearing naïve group is far less native-like than either the deaf non-native or hearing L2 groups. This is confirmed by comparing the residuals of the naïve group against those of the non-native and L2 groups. A one-way repeated measures ANOVA with item as a random effect was significant Figure 3 .
Mean relatedness judgments
The crucial question of Experiment 2 was whether the naïve participants would give higher-than-expected ratings of phonological similarity to items that were semantically related. As shown in Figure 4d , this was in fact the case. A 2 x 2 mixed ANOVA with Stimulus Set (Phonological or Semantic) as a within-subjects factor, and Group (native or naïve) as a between-subjects factor yielded the expected main effect of Stimulus Planned contrasts revealed that the naïve participants showed two response proclivities: they gave lower similarity ratings than the native signers to the phonological items [F 1 (1, 27) = 15.21, p < .001; F 2 (1,46) = 47.04, p < .001]. Importantly for the present question, they also gave higher similarity ratings than the native signers to the semantic items [F 1 (1,27) = 5.29, p < .03; F 2 (1,46) = 16.33, p < .001]. Although both of these patterns were also observed in the non-native signers, we focus mainly on this latter effect in the discussion below.
Are sign semantics transparent?
Our rationale for testing hearing naïve participants was based on the assumption that they would be insensitive to the meaning of the signs. However, some of the pairs in the semantic set were iconic (e.g. violin -flute). Is it possible that the naïve participants were sensitive to these items such that their increased similarity ratings reflect a semantic influence, rather than sensitivity to some visual-perceptual factor? If so, then the higher ratings in the semantic set should be driven by trials where the semantic relationship is guessable by non-signers. To test this, we recruited two more groups of naïve participants and asked them to guess the meanings of the ASL stimuli. For one group, each sign was paired with four possible pictures and they had to select which one they thought was the correct meaning. The other group saw a sign and were instructed to guess its meaning without any other cues. Performance across these two tasks was used to generate a composite score reflecting the iconicity of the items. We then re-categorized semantic trials based on whether the semantic relationship could be inferred by non-signers. Trials where such a relationship could be easily inferred were considered "transparent"; trials where the relationship could not be easily inferred were considered "non-transparent". If the higher overall ratings in our naïve data were driven by semantics, then phonological similarity ratings should be higher for the transparent trials, and lower for the non-transparent trials. However, as shown in Figure 5 , this was not the case; participants' ratings of phonological similarity were the same regardless of whether the semantic relationship was evident [t(19) = .14, p = .89]. In other words, semantic transparency cannot explain why even signnaïve participants gave higher-than-expected ratings of phonological similarity to items that were semantically related, whether they knew it or not.
3.2.4
Are the same items prompting similarity ratings from non-native and naïve participants? If latent influence from semantic relatedness is not the source of this effect, what is? One possibility is that, by chance, the semantically related pairs share some visual-perceptual property that native and L2 signers ignore, but which non-native signers and naïve participants are sensitive to. This account would be supported if the non-native signers and naïve participants gave higher-than-native ratings to the same semantic items, and if both the non-native signers and naïve participants gave lower-than-native ratings to items in the phonological set. If the phonological systems of non-native signers and naïve participants deviate from the phonological systems of native signers in similar ways, then there should be a correlation in the size and direction of these deviations for each item and the correlation should be strongest in these groups. By contrast, the L2 signers' deviations from nativelike performance should correlate weakly or not at all with the deviations for the non-native and naïve groups.
For example, consider the item set where the target is violin, and the options are flute (semantically related) and hot-dog (semantically unrelated). If the native signers behaved as expected, their mean phonological similarity rating for this item should be near 0. To continue the example, suppose that the native signers' normalized mean response for this item was 5 (indicating that as a group, they tended to click on a pixel that was 5% of the maximum possible distance in the direction of the related sign). However, if violin and flute share some visual property to which the non-native signers and naïve participants are sensitive, then their responses to this item should deviate in the positive direction by a similar amount. Thus, if we found that the non-native signers gave a mean rating of 11 and the naïve participants gave a mean rating of 13, we would plot positive 6 for the non-native (11-5 = 6) and positive 8 for the naïve participants (13-5 = 8). Performing this calculation across all items could reveal significant item-by-item correlations between the ratings of the non-native and L2 signers, but only if these participants are sensitive to the same visual perceptual properties for a given item. As predicted, there was a strong and significant correlation between the nonnative signers' deviations from native-like ratings and the naïve participants' deviations (r 2 = .44, p < .001). The same comparison between the non-native and L2 signers revealed a much weaker but still significant correlation (r 2 = .14, p < .01). Consistent with the results from Experiment 1, there was no significant correlation between the ratings of the L2 signers and naïve participants (r 2 = .03, p = .26). These correlations are shown in Figure 6. 
Discussion
If the naïve participants had given low similarity ratings to the semantic set items, we could have attributed the ratings of the non-native signers to a failure to ignore semantic features in a phonological task. However, because the naïve participants also gave systematically higher-than-native ratings to items in the semantic set, and because these tended to be the same items, we tentatively conclude that there are some, to-be-identified, visual-kinesthetic properties of the items that both the non-native signers and naïve participants were sensitive to, but the native and L2 signers were not. These results also suggest that there were phonological features that the native and hearing L2 signers were sensitive to, but the non-native and naïve participants were not.
General discussion
We used a novel paradigm to investigate AoA effects on phonological similarity judgments in ASL. This paradigm asks participants to choose which of two lexical signs is more phonologically similar to a target, and asks them to indicate the perceived strength of this relatedness. One finding resulting from this novel measure was that the mean item ratings fell along the entire range from 0 to 100. This suggests, unsurprisingly, that not all minimal pairs are created equal. Although this paradigm is amenable to investigating fine details of which feature bundles are perceived as being more similar than others, this was not our main focus here. Our goal was to ascertain whether and how AoA affects phonological similarity judgments of ASL signs and which of two accounts of AoA effects on phonological processing best predicted our results. To this end, we tested deaf native signers, who learned ASL from birth, deaf non-native signers whose language experience in infancy was restricted and who learned ASL at older ages, hearing L2 signers who had unrestricted language experience in infancy and learned ASL at older ages, and hearing naïve participants who had no prior knowledge of ASL.
Using the native signers' ratings as the baseline, our analysis of item-by-item correlations revealed that the most native-like performance on this task came from the L2 signers, with non-native signers coming in a close second. The naïve participants, though somewhat successful, were less native-like than either of the other two groups (Figure 3) . When examining mean ratings from all the groups as a function of whether the items came from the phonological set or the semantic set, a similar pattern emerged. We found no differences between the native and L2 signers, but we did find differences between the native and non-native signers. Specifically, the non-native signers gave slightly lower ratings to items in the phonological set than did the native signers. The non-native signers also gave markedly higher similarity ratings to items in the semantic set than did the native signers, implying that they perceived the semantically related items as more phonologically similar to the target than the unrelated alternative items. We ruled out the possibility that dialectical variation among the signers was driving these results.
In Experiment 2, we demonstrated that semantic relatedness is also unlikely to be driving these results because participants naïve to ASL also gave high similarity ratings to these items even when the semantic relationship could not be known ( Figure 5 ). Thus, we found evidence consistent with the explanation that the nonnative signers and naïve participants were sensitive to certain phonetic, visual, or somatosesory features that both the native and L2 signers were not sensitive to. This was shown by the finding that the non-native signers and naïve participants tended to give higher-than-native ratings to the same items to a larger extent than did the L2 signers ( Figure 6 ).
The exact phonetic, visual, or somatosensory features that are causing these differences remain elusive. Table 2 presents the items where native and non-native signers showed the greatest discrepancy in their ratings, in both directions. The items where non-native signers indicated substantially more phonological similarity than natives are presented in Table 2A . The majority of these items (7/10) do not share any formal sign parameters (handshape, location, movement). The remaining 3 include pairs with shared location (toast -bread), handshape (bear -wolf), and movement (potato -rock, which was from the phonological set). These were distributed throughout the top 10 with no evident trend. Classifying the pairs in Table 2A according to Battison's (1978) sign types provides little additional insight. Although 3 of the top 10 signs did belong to the same "type" category (candle -match: Type 4; flute -violin: Type 2; football -bat: Type 2), the remaining 7 were mismatches of diverse types. Moreover, these results are very similar in Table 2B , which lists the items where non-native signers indicated substantially less phonological similarity than natives (4 type matches, 6 type mismatches). Thus, the current data do not suggest any obvious candidate features that might be driving the differences we observed. Fortunately, the novel paradigm we have presented here may be easily used to explore these questions using more controlled stimuli. For example, using carefully controlled non-signs (as in ) would remove semantics altogether while allowing parametric variation in sign features. Unlike Hildebrandt and Corina (2002) , the present paradigm yields more fine-grained information about perceived degree of similarity. This greater sensitivity will be useful in tracking down subtle effects like those reported here. Table 2 . The below tables present the items that showed the greatest discrepancies between native and non-native signers. Table 2A shows the items where non-native signers indicated more phonological similarity than natives did. Table 2B shows the items were non-natives signers indicated less phonological similarity than natives did. One consistent finding across previous research investigating categorical perception in sign is that native signers are the least sensitive to within-category phonetic variation, while naïve participants are the most sensitive to it. Baker et al. (2005) , Best et al. (2010) , and Morford et al. (2008) all found that sign-naïve participants were more likely than other participants to discriminate between two stimuli that both came from the same side of a category boundary (e.g. two different '5' handshapes). These results accord well with our explanation that the naïve participants were sensitive to perceptually-based properties of the present stimuli to which the native signers were not. And, like Morford et al. (2008) , we found that non-native signers patterned with the naïve participants; however, whereas they found that L2 signers discriminated more than native signers in their discrimination task, we found that native and L2 signers patterned together in our phonological similarity judgment task. These results have implications for psycholinguistic theories of phonetic processing, and competing accounts for AoA effects on language development. Experience-based accounts of AoA effects predict that a delayed language onset should not impair successful acquisition, given enough input and practice. By contrast, maturation-based accounts predict that language delay will disrupt subsequent language acquisition, including phonology. The present results, in concert with those reviewed above, are best predicted by maturation-based accounts of AoA effects. It appears that even decades of experience with one's dominant language do not fully compensate for a lack of language input during infancy and early childhood. Furthermore, the present data suggest that having language exposure from birth can facilitate native-like acquisition of a second phonological system by L2 learners. Further work is necessary to determine whether the same would hold true for deaf native signers who are acquiring a second sign language, or whether the first and second language must belong to separate modalities. Addressing that question would inform whether the limits on L2 phonological processing are due to domain-general constraints on language learning, or to direct competition from L1. This, in turn, could inform current debates about whether having sign language skills is likely to be helpful, harmful, or neutral for deaf children who are attempting to acquire a spoken phonology through cochlear implants. Finally, additional research is required to identify the precise nature of these age of acquisition effects on phonological development and phonetic processing both within and across modalities.
Conclusions
We have presented results from a novel paradigm for collecting phonological similarity judgments in ASL. We found that, although ratings from hearing L2 signers and from deaf non-native signers closely approximated ratings from deaf native signers, there were revealing differences between native and non-native signers. Specifically, non-native signers saw phonological similarity among the semantic items, whereas the native signers either did not perceive it, or judged any perceived similarity to be irrelevant to the task. We found the same pattern among naïve participants, and it was equally strong regardless of whether or not the items were semantically transparent. We propose that, consistent with observations from studies of categorical perception in sign language, non-native signers and naïve participants are sensitive to as-yet-unidentified visual or somatosensory properties of signs that native and L2 signers overlook. Early language experience helps learners discern which linguistic categories are important for language learning, and the product of this early language learning appears to transcend sensory-motor modality. 
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